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Biochar, a carbon-rich material, is the key to enhancing soil health while combating climate change. This
research explores the synthesis and optimization of biochar from sugarcane bagasse and corncob using a vacuum
pyrolyzer, aiming to harness its possible potential applications for sustainable agricultural and environmental
solutions. Biochar with porous structures has been created in a slow pyrolyzer at three temperature ranges. Every
biochar specimen underwent standard surface and elemental characterization methods, including proximate
analysis, elemental analysis, scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET), Powder X-ray
diffraction (XRD), and thermogravimetric analysis. The pyrolysis temperature had a negative effect on biochar
yield and reduced from 30.21 to 25.4 % and 34.59 to 24.28 as the pyrolysis temperature increased from 500 to
700 °C for corncob and sugarcane bagasse respectively. The biochar formations were discovered to possess a
higher proportion of elemental carbon (90-91 %) compared to their original state (43.9-45.2 %). The biochars
obtained from sugarcane bagasse exhibited a higher maximum surface area of 185.85 m?/g in contrast to the
biochars derived from corn cob, which had a surface area of 69.29 m?/g at 600 °C. The biochars consistently
demonstrate heightened potency in comparison to their original form, as revealed by comparative character-

izations. Using optimal response surface method, optimal conditions were identified.

1. Introduction

Agricultural waste management and soil degradation are pressing
global issues with far-reaching environmental, economic, and social
implications. According to the report by Kolawole et. al. in 2024, over
659 million tons of agricultural residues are generated annually
(Kolawole et al., 2024), presenting both challenges and opportunities.
Improper disposal of these residues often leads to environmental
pollution, including air quality deterioration due to open burning and
leachate contamination of water bodies. At the same time, soils world-
wide face significant degradation, losing organic matter and structure
due to intensive farming practices, erosion, and climate change impacts
(Divyangkumar and Panwar, 2024). This dual challenge necessitates
innovative approaches to valorize agricultural residues while improving
soil health.

One promising solution lies in converting agricultural residues into
biochar, a carbon-rich material produced through pyrolysis (Lanjekar
et al., 2024). Biochar not only offers a sustainable waste management
option but also provides numerous agronomic benefits, including

* Corresponding author.

enhancing soil fertility, sequestering carbon, and improving water
retention (Geca et al.,, 2023). Its porous structure, negative surface
functional groups, and high carbon content make it resistant to micro-
bial decomposition and improve crop nutrient use efficiency
(Alkharabsheh et al., 2021). Because of its enormous surface area and
porous nature, biochar retains water and nutrients in both the soil’s
surface and subsurface (Khalil et al., 2021). This is why the article
published by Bayoka et al. in 2023 referred to biochar as black gold
(Bayoka et al., 2023). Biochar is produced from various biomasses, such
as wood chips, crop straws, coconut shells, poultry litter, algae, sewage
sludge, bamboo, and sawdust. Initially used for agriculture to improve
soil quality and fertility, biochar is now being used in various fields such
as heavy metal remediation, global climate change mitigation, mine
tailing, and environmental pollutant management (Zhang et al., 2018;
Wang et al., 2017; Egene et al., 2018). Biochar’s high alkalinity reduces
soil acidity and forms a suitable habitat for soil microbes (Huang et al.,
2023). It also has a higher propensity to absorb cations and anions from
solution. The pyrolysis process of biochar production reduces green-
house gas emissions, such as sulfur oxides, nitrogen oxides, particulate
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Fig. 1. The flow chart of biochar production and its characterization starting from selection of agricultural crop residues to optimization of biochar.

matter, and carbon dioxide (Dhar et al., 2022). The conversion of
biomass into biochar helps remediate nature more effectively than
conventional open incineration or dumping.

Among all the agricultural crop residues studied, sugarcane bagasse
and corncob exhibit significant potential for biochar production. India
produces 280 million tonnes of sugarcane bagasse and 22.23 million
tonnes of corn cob (Roy et al., 2019). In the global list of
maize-producing nations, India holds the 4th position in terms of area
and the 7th position in terms of production, contributing approximately
4 % to the world’s maize area and 2 % to the total production. In the
fiscal year 2018-19, maize cultivation in India covered an area of 9.2
million hectares (El-Esawi, 2021). While India ranks second in sugar-
cane production after brazil (Mishra et al., 2021). At the end, substantial
quantities of waste or byproducts are produced annually and incinerated
in fields, leading to air, soil, and water contamination, and contributing
to energy wastage (Kalair et al., 2021). By using a high-temperature
carbonization method (100-800 °C), these agricultural waste mate-
rials could be repurposed to create biochar. The produced biochar can be
used in number of ways for agriculture or commercial application to
make the environment healthier. These approch should reflect increased
awareness of environmental concerns and the importance of efficient
waste management practices.

In this connection, the effort had been undertaken to produce the
biochar from inexpensive agricultural waste products, such as sugarcane
bagasse (SB) and corn cob (CC) using a vacuum pyrolyzer at three
temperature ranges (500 to 700 °C). In this study, vacuum pyrolysis was
chosen due to its unique advantages over conventional pyrolysis.
Operating under reduced pressure minimizes secondary reactions, such
as tar re-polymerization, which can degrade biochar quality. This
method enhances the yield and structural integrity of biochar by pre-
serving its porous structure and functional groups, critical for applica-
tions like adsorption and soil amendment. Then, the physicochemical
characteristics of biomass and produced biochar were determined to
identify the potential suitability for possible applications by proximate
analysis, ultimate analysis, SEM, BET, Powder XRD, and TGA. Lastly, the
optimization using the optimal RSM model was done on the surface
morphology of biochar.

2. Material and methods

This section covers the materials and methodology used for pro-
ducing biochar and its characterization. The overall process flow chart
for the study is presented in Fig. 1 below. The research work for pro-
ducing and characterizing biochar was conducted at the Department of
Renewable Energy Engineering, CTAE, Udaipur, India.

2.1. Biochar production

The sugarcane bagasse (SB) and corncob (CC) biomass were used for
biochar production because of local availability and accessibility. The
procured biomass generally contains high moisture content (MC) (above
10 %). The moisture content should be below 10 % for efficient pyrol-
ysis of biomass (Eke et al., 2020). Thus, a drying process was followed to
reduce the MC using the solar tunnel dryer available at DREE. The
biomasses were placed in a solar dryer for 11 h on a sunny day. The
proximate analysis was then done to identify the final moisture present
in the biomass. The vacuum pyrolyzer machine (VPI) was used to pro-
duce biochar at three operating temperature ranges: 500 °C, 600 °C, and
700 °C with 2 hr residence time. A brief description and pictorial view of
VPI is available in the previous research (Divyangkumar et al., 2024).

The yield of biochar, liquid oil, and noncondensable gas from SB and
CC was calculated using the following equations.

; . Biochar weight(Kg)
B %) = 1
fochar yield(%) Total feedstock weight(Kg) x 100
Liquid oil yield(%) — Final liquid weight(Kg) 100

" Total feedstock weight(Kg)
Gas yield(%) = 100 — (Biochar yield + Liquid oil yield)
2.2. Characterization of produced biochar

The size of selected biomass and produced biochar was reduced using
a grinder machine to accomplish the various characterization routes.
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The proximate and ultimate analysis was done using ASTM standards.
The proximate analysis of samples was done at the departmental labo-
ratory. The proximate analysis measured the moisture content by ASTM
E871-82, volatile content (ASTM E872-82), ash content (ASTM
D1102-84), and fixed carbon evaluated by difference. The elemental
analyzer was used for the ultimate analysis. The higher heating value
(HHV) of biomass and all biochar were evaluated by the correlation
model developed by (Nhuchhen and Abdul Salam, 2012). The ther-
mogravimetric analysis (TGA) and differential thermogravimetric (DTG)
of biomass and biochar were carried out at DREE itself. Whereas,
scanning electron microscope (SEM), Brunauer Emmett teller (BET), and
Powder X-ray diffraction (XRD) were done by outsourcing at Central Salt
and Marine Research Institute (CSMCRI), Bhavnagar.

2.2.1. Scanning electron microscope (SEM) analysis

SEM examines and creates an image of the materials by using high-
energy electron beams to scan the samples in different scan patterns
and resolutions (Mujtaba et al., 2021). SEM analysis was performed on
the chosen biomass, and biochar samples to find out more about their
composition, topography, surface morphology, and other characteris-
tics. The micrograph was taken at 500 magnifications. The SEM analysis
was performed using a JEOIJSM 7100 F microscope at CSMCRI, Bhav-
nagar, Gujarat.

2.2.2. Brunauer emmett teller (BET) analysis

The BET analysis was also carried out at CSMCRI, Bhavnagar,
Gujarat. Using Ny sorption isotherms and a Brunauer-Emmett-Teller
surface area analyzer, the total accessible surface area of the pyro-
lyzed biochars was calculated per unit mass (manufacturer: Micro-
meritics, model: ASAP 2010). The surface area (mz/g), pore volume
(cmg/ g), and pore size (nm) of raw biomass and produced biochar were
measured by BET analysis. Initially, the selected samples were degassed
by keeping the temperature between 200 and 250 °C in an inert atmo-
sphere (with an Ny environment) for two to four hours.

2.2.3. Powder x-ray diffraction (XRD)

The powder XRD technique is widely used to characterize or identify
the crystallographic structure, physical properties, crystalline size, and
chemical composition of solid samples (Stylianou et al., 2020). The
Philips Xpert MPD instrument with Cu-Ka radiation located at CSMCRI,
Bhavnagar, Gujarat was used to evaluate the P XRD of selected biomass
and biochar samples. The P-XRD device is also utilized to estimate the
crystallographic strain of the material. The chosen 26 ranged from 5° to
80°.

2.2.4. Thermogravimetric analysis (TGA) and differential
thermogravimetric (DTG)

The detailed study of all biomass and biochar samples was under-
taken using TGA and DTG in an inert environment with a nitrogen flow
rate of about 50 ml/min. The analysis was done in response to mass loss
characteristics. The finely powdered sample weight (10 mg) was
measured using the TGA analyzer (STA 7300 Hitachi, Germany) located
in the departmental microbiology laboratory. The measurement
involved a heating rate of 10 °C/min, starting from room temperature
and reaching 1000 °C.

2.2.5. Optimization of biochar using RSM

The RSM is a well-known technique used in engineering applications
to optimize process analysis. It uses statistical and mathematical
methods to assess the possible impact of factorial factors on the
outcome. Therefore, an RSM standard scheme was used to optimize
every biochar. With the aid of ANOVA analysis, the response of every
run was further taken into account for the optimal process parameters.
The F-test is a crucial tool for assessing the overall effectiveness and
influence of a model or the parameter under consideration in this regard.
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Fig. 2. Mass balance of pyrolysis products for CC and SB at 500 °C, 600 °C and
700 °C temperatures. The biochar yield, liquid yield and gas yield of CC and SB
biomass indicated with blue, orange and green color respectively.

3. Result and discussion
3.1. Biochar yield

A total six number of biochar were produced using SB and CC
feedstock at three temperature ranges (500 °C, 600 °C, and 700 °C) at
2 hr residence time. The biochar was allowed to cool until ambient
temperature and then it was removed from the cartridge and weighed.
The liquid accumulated at the bottom of the storage tank was extracted
and weighed separately. The percentage value of each component was
measured using the formula mentioned in the above section and the final
gas yield was calculated by subtracting the biochar yield and liquid
yield. The result indicated that the pyrolysis temperature significantly
affects the biochar yield shown in Fig. 2. It was observed that the
increased pyrolysis temperature resulted in decreasing biochar yield
from 30 to 25% and 34 to 24% in CC and SB respectively. The biochar
trend results are consistent with previously published research (Montero
et al., 2018). However, the high temperature increased the pore opening
in biochar, thus the quality of biochar was seen to improve at high py-
rolysis temperatures. Additionally, the biochar yield in VPI is compar-
atively lower than atmospheric pyrolysis. This is due to the reduction in
pressure and higher organic vapor removal rate, leading to a shortened
residence time for the vapors and restricted secondary reactions (Foong
et al., 2020).

3.2. Proximate and ultimate analysis

Proximate and ultimate analysis of biochar provide crucial insights
into its suitability for improving soil health. The result of proximate
analysis influence nutrient retention, pH adjustment, and soil structure
improvement. While ultimate analysis reveals the understanding of
biochar’s nutrient content, stability, and potential environmental
impacts.

The two biomass and six biochar samples produced at three different
temperatures underwent proximate and ultimate analysis for identifi-
cation of the moisture content (MC), volatile content (VC), ash content
(AQ), fixed carbon (FC), and elemental content, respectively. The ob-
tained value of proximate and ultimate analysis is presented in Table 1.
It was discovered that the moisture content of CC biochar and SB biochar
slightly increased from 1.05 to 1.2% and 1.41 to 1.78% respectively. The
increment of moisture content may be due to the openings of pores at
elevated temperatures. Similar behavior was observed in fixed carbon
and ash content. In the case of CC, the fixed carbon increased from
84.98% to 92.8%, and the ash content rose from 4.27% to 5.85%, while
for SB biochar, the fixed carbon varied from 86.18% to 93.98% and the
ash content from 3.83% to 4.05%. Whereas, the decreasing trend was
found in volatile content and it was decreased from 9.69 to 0.15% and
5.58 to 0.19% in CC and SB biochar respectively. A similar trend of
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Table 1

The Comparision of proximate, ultimate, and HHV analysis of biomass and biochar samples at 500 °C, 600 °C, and 700 °C.

Energy 360 3 (2025) 100014

Samples Proximate analysis (%) Ultimate analysis (%) HHV (MJ/kg)
MC VvC AC FC C H (o] N

cC 7.07 78.87 1.59 12.47 43.9 6.7 48.6 0.8 20.39
CC* (Gupta et al., 2018) - - - - 46.69 5.86 45.70 1.73 17.10
CC500 1.05 9.69 4.27 84.98 83.95 5.35 9.88 0.82 32.14
CC600 1.15 1.38 5.44 92.03 87.9 3.5 7.7 0.9 33.25
CC600* (Gupta et al., 2018) - - - - 80.22 3.87 14.84 1.05 19.97
CC700 1.2 0.15 5.85 92.8 90.6 2.7 5.6 1.1 33.33
SB 9.64 82.93 1.54 5.88 45.2 6.6 47.7 0.5 19.66
SB* (Sohaib et al., 2017) 6.21 82.38 2.94 8.47 45.39 7.92 46.67 0.15 -
SB500 1.41 8.58 3.83 86.18 81.77 4.52 12.78 0.93 32.49
SB600 1.69 0.95 3.98 93.38 85.51 3.88 9.52 1.09 33.84
SB600* (Sohaib et al., 2017) 2.97 20.35 7.58 69.10 66.38 4.62 28.52 0.48 -
SB700 1.78 0.19 4.05 93.98 91.51 3.11 3.97 1.41 33.96

* The relevant data compared with previous study

Table 2
The results of BET analysis for biomass and biochar samples derived at 500 °C,
600 °C, and 700 °C.

Sample Name Surface area (m?/g) Pore volume (cm®/g)

CcC 1.2541 + 0.0138 0.003366
CC500 1.6997 + 0.0063 0.003888
CC600 69.2998 + 3.3770 0.012234
CC600* (Gupta et al., 2018) 30.98 -

CC700 3.4208 + 0.0182 0.005659
SB 2.0800 + 0.0465 0.003676
SB500 60.1537 + 3.5433 0.004563
SB600 185.8569 + 2.4542 0.057261
SB600* (Inyang et al., 2010) 14.07 -

SB700 7.3261 + 0.0959 0.006179

* The data obtained and compared with previous study

proximate analysis was found by (Divyangkumar et al., 2024; Durango
Padilla et al., 2024). It is also seen from Table 1 that; a higher amount of
fixed carbon content was found in all biochar at various temperatures
compared to their raw feedstock. Almost, 6 to 7 times and 14 to 16 times
increment in fixed carbon content was observed in CC and SB biochar
when compared to their raw biomass. These results demonstrated that
converting biomass to biochar produced beneficial results because
high-fixed-carbon biochar has more potential for use as a soil supple-
ment to absorb carbon and mitigate climate change. Compared to the
raw biomass of CC and SB, the biochar contains a lower percentage of
volatile matter and high ash content, indicating that the removal of
oxygen-based chemical groups leads to mineral accumulation during the
thermochemical conversion of organic waste.

A significant change was observed in carbon content as the pyrolysis
temperature increased from 500 to 700 °C. It was observed that the
carbon content varied from 83.95 to 90.6% and 81.77 to 93.98% in CC
and SB-derived biochar respectively. On the other hand, in CC biochar,
the hydrogen and oxygen levels dramatically dropped from 5.35% to
2.7% and 9.88% to 5.66%, respectively, as the pyrolysis temperature
increased. Similarly in SB biochar it droped from 4.52% to 3.11% and
12.78 to 3.97% respectively. The minimum amount of nitrogen content
was found in all biomass and biochar samples. However, the inorganic
mineral nitrogen content increased slightly with temperature because of
the removal of organic volatile content. These findings are aligned with
earlier research (de Almeida et al., 2022; Toscano Miranda et al., 2021;
Adekanye et al., 2022). The highest temperature caused the biomass to
completely decompose thermally, producing highly carbonaceous bio-
char. During the pyrolysis of biomass, increasing the degree of poly-
merization led to a more compact carbon structure and an increase in
the carbon content of biochar (Domingues et al., 2017).

The heating value of a substance is mostly dependent on its carbon
content. The resulting biochar exhibited a higher heating value when
compared to biomass (Liu et al., 2019). The estimated heating values of

CC biochar generated at 500, 600, and 700 °C were 32.14, 33.25, and
33.33 MJ/kg, respectively; these values were greater than the raw CC
biomass (20.39 MJ/kg). on the other hand, the heating values of SB
biochar varied from 32.49 to 33.96 MJ/kg compared to 19.66 MJ/kg for
raw SB biomass. The obtained result of HHV of all biochar is comparable
to coal having a 30 MJ/kg (Qian et al., 2020). Table 1 also compared the
findings of the study with previous literature to indicate the novelty of
the results by vacuum pyrolysis.

3.3. Brunauer emmett teller analysis

A higher surface area enhances biochar’s ability to adsorb nutrients,
reduce leaching, and improve soil fertility. The porous structure pro-
motes better aeration and water retention, supporting microbial activity
and plant growth, thereby contributing to improved soil health. Table 2
represents the specific surface area of biomass and biochar samples
produced at different temperatures. The increasing trend of specific
surface area was observed from biomass to biochar formation with
temperatures.

The BET analysis showed that the raw CC and SB had surface area
and pore volume of 1.25, 2.08 m?/g and 0.012234, 0.003676 cm>/g,
respectively. As the temperature for pyrolysis increased from 500 to
600 °C, the specific surface area increased from 1.69 to 69.29 for CC and
60.15 to 185.85 for SB biochar respectively. Similarly, pore volume is
also increased. The study discovered that the surface area and pore
volume of the biochar samples increased dramatically when the pyrol-
ysis temperature rose to 600 °C. This resulted from the elimination of
volatile components during the pyrolysis of biomass, specifically the
volatilization of organic molecules, which left voids in the structure of
the biochar (Liew et al., 2018). Large surface areas are created in biochar
produced by vacuum pyrolysis because of the opening of pores
throughout the process caused by the acceleration of devolatilization
during the vacuum production process, which lowers product partial
pressure and gas retention time (Uras et al., 2012). Additionally, when
pyrolysis temperature rises, pore-blocking within the structure is pushed
out or thermally destroyed, increasing the biochar’s surface area.
Following the full breakdown of the amorphous hemicelluloses, cellu-
lose was primarily responsible for increasing the surface area in this
temperature range (Dhar et al., 2022). After the breakdown of glycosidic
chains, cellulose microfibrils generated graphitic layers, which regu-
lated the dimensional changes (Jindo et al., 2014). Similar findings of
biochar derived from different types of biomasses have been reported by
anumber of researchers (Smith and Rodrigues, 2015; Wang et al., 2022).
Because vacuum pyrolysis can remove volatile matter quickly, reduce
secondary reactions, and enhance the porosity and surface area of bio-
char, it is recommended over atmospheric pyrolysis (Nam et al., 2018).

In contrast, the reduction of surface area was observed at the further
increase in pyrolysis temperature from 600 to 700 °C. The blockage of
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Fig. 3. SEM images of CC biomass (A1), CC 500 (A2), CC 600 (A3), CC 700 (A4), SB biomass (B1), SB 500 (B2), SB 600 (B3), and SB 700 (B4). The figure
demonstrated the changes in surface morphology in biochar with rising temperature.

pores by inorganic ash compounds was the reason for this phenomenon.
The same things can be observed through SEM analysis (refer Fig. 3).
Furthermore, the disintegrated and amorphous products of additional
condensed volatiles were responsible (Dhar et al., 2022). According to
research by (Ronsse et al., 2013)., the specific surface area of the bio-
chars decreased as the number of inorganic components rose. Molten

ash has the potential to penetrate the pores of the biochars that are
generated (Ronsse et al., 2013). Every sample of biochar exhibited both
macro and microporous structures. Because of its microporous structure,
biochar is a great adsorbent for treating water, wastewater, and air
(David, 2022). According to (Nair et al., 2017)., the soil treated with
biochar had increased pore volume and water absorption capacity due to
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Fig. 4. 4a: Representation of the XRD spectra of CC biomass and their derived biochar at at 500 °C, 600 °C, and 700 °C. 4b: Representation of the XRD spectra of SB
biomass and their derived biochar at at 500 °C, 600 °C, and 700 °C. The figure indicating different phases elements presents in biomasses and all biochar samples.

the increase in pyrolysis temperature. According to (Lei and Zhang,
2013), the specific surface area of woody biochar treated at high tem-
peratures increased by up to 8-12 times, suggesting that they might be
useful for the humification of sandy soil. According to research by (Liang
et al., 2006)., adding biochar to anthrasols increased the soil’s surface
area by up to 4.8 times. Additionally, a high surface area is beneficial for
developing polymeric biocomposites, which is now an emerging and
novel application in replacing conventional harmful compounds.

3.4. Scanning electron microscope analysis

The SEM analysis revealed the surface morphology of biomass and
biochar. The result of SEM analysis is presented in Fig. 3. Using SEM
images, surface morphological differences and structural modifications
of the biochars were examined in terms of porosity. This analysis is
crucial for soil health as they influence biochar’s ability to improve soil
aeration, water retention, and nutrient adsorption. SEM can reveal
biochar’s pore structure, which facilitates microbial habitat and en-
hances cation exchange capacity, contributing to better nutrient cycling
and soil fertility.

The figure showed that the biochar had a porous structure that was
determined by SEM at temperatures between 500 and 700 °C at a res-
olution of 500. There are differences in these porous formations. The CC
biomass (A1) and SB biomass (B1) contained smooth surfaces with no
cracks, pores, or crevices and a non-porous, showing plain morphology.
During the thermal treatments of biomass, as the pyrolysis temperature
increases, the more volatile matter is released from the biomass,
resulting in more porous structures on the surface (Tomczyk et al.,
2020). The uneven surface structure of resultant biochar would be due
to the shrinkages of biomass particles during the pyrolysis process (Chen
et al., 2018). The shrinkage was observed in coconut fiber biochar by
(Dhar et al., 2022). There were various macropore, micropore, and
mesopore shapes and sizes seen throughout the pictures. Upon sub-
jecting the biochar to defined pyrolysis conditions, a distinct pattern
emerged across all samples, revealing a honeycomb-like network
adorning their surfaces. This distinctive feature was accompanied by the
presence of well-developed macropores, underscoring the unique
structural characteristics induced by the specific pyrolysis conditions
applied.

In comparison to the raw biomass, the biochar has a far more spec-
tacular surface appearance since the greater pyrolysis temperature
completely degraded the cellulose, hemicellulose, and lignin. According
to (Gao et al., 2013) the biochars that underwent greater temperature
pyrolyzation had a comparatively larger surface area. The particles of
the SB biochar retain some original shapes after carbonization and
smash because of their higher content of lignocellulose (Qiu et al.,

2019). The pyrolysis process produced well-defined hollow carbon
channel arrays, indicating the production of CC biochar through
biomass pyrolysis (Assirey and Altamimi, 2021). The cylindrical, rough,
uneven, and porous structure of the biochar generated from SB was
visible in the SEM micrographs (Tehreem et al., 2022). SB biochar (B3,
B4) showed a cylindrical porous structure at 500 magnifications.
Additionally, the white deposits were seen as a result of the carbon
content deposition. The tiny circular bodies were visible on the CC
biochar (A2) surface at 500 magnifications, according to research per-
formed by (Tehreem et al., 2022). However, the SB biochar exhibited a
comparatively high porous structure than CC biochar in all temperature
ranges as observed in Fig. 3. Additionally, A4 and B4 biochar sample
indicated reduced porosity because of molten ash infiltration in the
pores, that validate the outcomes of BET analysis in Section 3.3. This
result suggests that during the pyrolysis treatment, the biomass selection
had a significant impact on how the morphological features evolved.
The high quality of biochar can be used for many applications for
environment remediation. Liu et al. discovered that the intra-pores
generated within the biochars boosted the capacity to retain water in
sandy soil (Liu et al., 2017). Biochars with porous structures offer ideal
living spaces for soil microorganisms such as fungi, algae, and actino-
mycetes. These microorganisms provide a source of food for soil biota
and soil animals (Briones, 2014). These microbial communities are
preserved and increased when porous biochar is added to the soil.

3.5. Powder x-ray diffraction

This analysis reveals the biochar’s mineral composition, including
essential nutrients and trace elements, which influence its ability to
improve soil fertility. The primary components of biomass are polymeric
crystallographic structures such as cellulose, hemicelluloses, and lignin.
This structure is distinct from the amorphous structure of other mate-
rials (Degermenci et al., 2019). Fig. 4a and b represent the XRD spectra
of biomass and biochar for CC and SB respectively.

The XRD diffractogram is presented in Fig. 4, where a large peak at
20 values approximately around 22.83° and 21.94° are seen in CC and
SB respectively. This peak indicates the crystalline nature of the cellu-
lose lattice spacings within biomass (Nazir et al., 2022). As the pyrolysis
temperature rises for the specific biochar samples, the crystalline cel-
lulose peak vanishes. The findings suggest that the crystal structure
underwent disruption as a result of the complete thermal breakdown of
biomass at a different temperature range. As a result, amorphous bio-
char rich in carbon was formed. Stable carbonaceous material is also
indicated by broad peaks. A similar result in CC biochar was found by
(Pinky et al., 2023). The lack of any distinct peaks, however, suggested
that there was no crystallinity, which could have resulted from the
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Fig. 5a. TG-DTG characteristics of CC and SB biomass at 10 °C/min.
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existence of silica or other pertinent inorganic metal oxide impurities
(Mohan et al., 2018). There is a difference between the biochars’ peak
intensity and peak structure. Both the crystal size and crystallinity have
an impact on them (Bourke et al., 2007). Smaller crystal sizes are rep-
resented by wider diffraction peaks. Analyzing the diffraction peaks in
the biochar suggests that the SB biochar likely consists of graphite and
amorphous carbon, exhibiting smaller sizes than the other. A minor
diffraction peak indicative of K2COs is identified in the SB biochar at 26
of approx 26° (Qiu et al., 2019). The spike observed at 26 of 28.33°and
28.25° in the XRD pattern of the CC and SB biochar respectively in-
dicates the existence of sylvite. Quartz (SiO;) may be detected in all
biochar samples by looking for the peak at 26 = 40.52° and 40.40° for
CC and SB biochar respectively. All biochar contains calcite, which has a
limited peak height at 26 of 50 to 51° (CaCOs3). Hence, the existence of
calcite in biochar suggests elevated alkalinity in the specific biochar. The

peaks of crystalline substances are well-defined, while the peaks of
non-crystalline or amorphous substances are hollow.

3.6. Thermo gravimetric and derivative thermal gravimetry analysis of
biomass and biochar

These analyses of biochar provide insights into its thermal stability,
decomposition patterns, and organic and inorganic composition. The
TGA findings at a rate of 10 °C/min of biomass and biochar samples are
displayed in Figs. 5a and 5b. The experiment was conducted at the
ambient temperature to 800 °C.

In the case of CC biomass, Fig. 5a shows the temperature ranges from
35 to 150 °C in the first stage, known as the dehydration stage, with an
7-8% mass loss. From 35 to 75 °C, unbound moisture is released, and
from 75 to 150 °C, extractives and bound moisture are removed. The
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Fig. 5b. TG-DTG characteristics at 10 °C/min of CC and SB biochar samples derived at 500 °C, 600 °C, and 700 °C.

second stage, the active pyrolysis phase, occurs between 150 and
380 °C, where 62.5% mass loss happens due to the decomposition of
volatile components, including hemicellulose and cellulose, similar to
findings by (Padilla et al., 2019). The third stage, from 380 to 600 °C,
involves lignin decomposition, leading to a 20% mass loss. This stage
features overlapping exothermic and endothermic reactions. Finally,
between 600 and 1000 °C, mass loss stabilizes, indicating complete

conversion of biomass to char. Similarly, in SB biomass a small mass loss
(4-5%) occurs up to 130 °C due to moisture evaporation. In the active
pyrolysis zone (130-370 °C), hemicellulose and cellulose degrade,
leading to a significant mass loss of 63%. Lignin degradation starts be-
tween 370-540 °C, resulting in an additional 16-18% mass loss. Beyond
540 °C, constant mass loss continues up to 1000 °C, indicating the
complete conversion of SB biomass into char. The thermal behavior of
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Table 3
Analysis of variance (ANOVA) of the Quartic model for surface morphology of all biochar samples derived from CC and SB biomass at 500 °C, 600 °C, and 700 °C
temperature.
Source Sum of squares df Mean square F-value p-value
Model 182.63 8 22.83 3737.05 0.0003 significant
A-Temperature 0.5354 1 0.5354 87.65 0.0112
B-Biomass 20.91 1 20.91 3422.82 0.0003
AB 0.1448 1 0.1448 23.71 0.0397
A? 9.55 1 9.55 1563.05 0.0006
A’B 0.0002 1 0.0002 0.0310 0.8765
A® 0.0669 1 0.0669 10.95 0.0805
A’B 0.2930 1 0.2930 47.96 0.0202
A 1.15 1 1.15 188.53 0.0053
Residual 0.0122 2 0.0061
Lack of Fit 0.0121 1 0.0121 92.66 0.0659 not significant
Pure Error 0.0001 1 0.0001
Cor Total 182.64 10

SB biomass was in good agreement with a previous study by (El-Sayed
and Mostafa, 2015).

The thermal degradation curve of CC and SB biochar at a heating rate
of 10 °C/min is presented in Fig. 5b. In CC biochar, moisture was
released from the biochar, causing a slight curve up to 100 °C (Fig. 5b).
About 1-3% moisture was released before 100 °C, indicating the biochar
regained moisture from the atmosphere. Starting from 400 °C, a rapid
decrease in weight due to carbon oxidation ends at 615 °C for the CC
biochars, with weight losses of 77-80%, representing the effective car-
bon (Qiu et al., 2019). The thermal profile of CC biochar shows the peak
between 100 to 400 °C in CC biomass (Fig. 5a) has disappeared. The
biochar samples showed minimal mass loss, indicating high thermal
stability. No mass loss was observed above 650 °C, showing that the
pyrolysis process had little impact on the physicochemical characteris-
tics of biochar over time (Sun et al., 2017). Biswas et al. in 2017 noted a
similar pattern in their TG-DTG study of corncob biochar (Biswas et al.,
2017). The TG and DTG curves for all biochars show a similar pattern. In
SB biochar, minor left shoulder below 100 °C indicates moisture release.
The SB biomass displayed thermal degradation peaks between 150 °C
and 400 °C, which were absent in the biochar’s TGA graph. The TG and
DTG curves showed a minimal mass loss of about 14% up to 500 °C,
suggesting exceptional thermal stability. In the biochar, thermal
degradation started at 450 °C and ended at 630 °C, with an 87% mass
loss. Beyond 630 °C, no significant mass loss was observed, indicating
that extending pyrolysis time has minimal impact on biochar properties.

3.7. Statistical analysis

This study conducted through eleven distinct experimental runs,
utilizing a combination of parameter configurations recommended by
the CCD of the RSM approach, implemented via Design Expert-13 soft-
ware. RSM provides an effective approach for optimizing process pa-
rameters by systematically analyzing the interactions and relationships
among multiple variables. It minimizes the need for experimental trials,
determines optimal conditions, and offers a thorough insight into in-
teractions, enhancing process performance and system efficiency (Patel
and Panwar, 2024). In the optimization process analysis, the reaction
temperature (parameter A) and biomass type (parameter B) were noted
as the important process factors and response variable was the surface
area. Additionally, Table 3 mentions the results of the ANOVA. The
quadratic model was recommended by Design Expert software for the
optimization process across all responses, and it was deemed suitable for
this study. The model also generated the coefficient values of R?, F, and P
values. The acceptability and relevance of the quadratic model are pri-
marily determined by its F-value and P-value. The significant impacts of
each run are represented by all these values.

A well-known technique for comparing the created model with the
response data is regression model analysis (Siddiqui et al., 2019). Using
high F test values and low P values to compare the mean squares of the

regressed model with residuals (the probability for noise) is a crucial
step in the process. Regression models that are reliable and consistent
should exhibit a high F-value. A more accurate and efficient model is
indicated by high F test values with low P values (Mubarak et al., 2011).
The experimental study yielded a value of F of 3737.05 and a reduced P
value (< 0.0001) for the constructed model, indicating the model’s
effectiveness and utility. The applicability of the regression model is
primarily assessed through the "Lack of Fit" value in the ANOVA table.
The insignificance of the "Lack of Fit" statistic indicates the model’s
accuracy and reliability (Arafat Hossain et al., 2017). The regression
coefficient (R*) was utilized to determine the regression model that most
accurately represents the experimental data (Jawad et al., 2021). R? was
computed to assess the regression equation’s fitness. R? values vary from
0 to 1, with O representing a lack of fitness and 1 representing a highly
perfect model (Abnisa et al., 2011). According to this study, the model’s
importance is demonstrated by the reasonably close coefficient of
determination (R2 = 0.9999) and adjusted coefficient of determination
(R? adj = 0.9997). The proximity of these values to 1 indicates that the
generated models exhibit a high degree of precision and accuracy.

The model equation that was created for change in surface
morphology was as follows. The surface area of the created biochar
served as the output response in the equation with temperature denoted
by symbol A. Synergistic effects are shown by the positive sign, while
antagonistic effects are indicated by the negative sign. Values of F, show
how significantly different variables affect surface morphology.

SB = 6540-50208 — 44-41A + 0-1112A2-0-000124A%+ 5.081*10°8A%
CC = 59687088 — 41-55A + 0-107150A2-0-000121A3%+ 5.081%107%8 A*

The results of the ANOVA study indicated that temperature (A) had a
less significant effect on the surface area (F values 87.65), while biomass
(B) was determined to be the most significant variable with the greatest
F-value of 3422.82 for the larger surface area. The biochar production
process was optimized to achieve the maximum possible surface area,
which resulted in a surface area of 186.839 m?/g at an optimal tem-
perature of 595 °C with a desirability value of 1, as shown in Fig. 6a.
This predicted value was found to be in close agreement with the
experimental findings, where the highest observed surface area was
185.85 m?/g at a slightly higher temperature of 600 °C. To evaluate the
reliability and robustness of the optimization process, the reaction was
analyzed by graphing it in relation to variations caused by noise. This
analysis involved selecting a reference point and fine-tuning specific
ranges to explore and identify the ideal correlation between the actual
experimental values and any deviations resulting from noise. A detailed
comparison between the predicted values and the actual experimental
product yields is presented in Fig. 6b. The comparison underscores the
strong agreement between the predicted and experimental results,
demonstrating the accuracy and reliability of the model. This close
alignment of values confirms the model’s suitability and indicates that
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the influence of noise on the results was minimal, thereby validating the
optimization approach.

4. Environmental and economic aspect of biochar

The biochar derived from sugarcane bagasse and corncob using a
vacuum pyrolyzer presents significant potential for addressing global
challenges such as climate change and sustainable economic develop-
ment. Its high carbon sequestration capacity can contribute to reducing
atmospheric CO5 levels, thereby aiding climate change mitigation.
Furthermore, its use as a soil amendment enhances soil fertility and
agricultural productivity, potentially reducing the need for synthetic
fertilizers and their associated environmental footprint. The previous
article (Divyangkumar et al., 2024) reported that, the applying biochar
to soil for carbon sequestration can reduce GWP. Economically, this
biochar valorizes agricultural residues, providing a cost-effective and
sustainable solution for waste management while fostering circular
economy practices. The detailed environmental and economic impact
caused by production of biochar are discussed in previous research
(Divyangkumar et al., 2024).

5. Application of biochar

The synthesized biochar exhibits properties that hold significant
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potential for various real-world applications (Fig. 7). For instance, bio-
char’s high carbon content and stability make it an excellent candidate
for carbon sequestration, aiding in mitigating greenhouse gas emissions
by locking carbon in the soil for extended periods (V and Panwar, 2024).
Additionally, its porous structure and nutrient-retention capacity
enhance its effectiveness as a soil amendment, improving soil fertility,
water retention, and crop productivity. Furthermore, due to its high
surface area and adsorption capacity, biochar can serve as an efficient
material for pollutant adsorption, effectively removing heavy metals,
organic pollutants, and other contaminants from water and soil systems.
These applications underline the environmental and agricultural rele-
vance of biochar, adding practical value to the findings presented in this
study.

6. Conclusion

This study advances biochar production techniques by employing a
vacuum pyrolyzer, which enhances yield efficiency and optimizes key
properties. The results showed that the production of biochar and vol-
atile matter declined as the pyrolysis temperature increased. Neverthe-
less, the pyrolysis temperature elevation led to an increase in fixed
carbon and ash content, BET surface area, degree of aromaticity, and
porosity for all biochars. The optimization results revealed that the
biomass and temperature significantly impact the surface area of



N. Divyangkumar and N.L. Panwar

biochar. The optimized biochar was obtained at 595 °C with the highest
surface area of 186.84 m?/g. These qualities contribute to classifying
biochars as a potent component for carbon sequestration, preserving
nutrients and water in the soil, and unleashing numerous potential ap-
plications in both commercial and agricultural contexts. Future research
should explore scaling up vacuum pyrolysis technology, assessing long-
term impacts of biochar in diverse soil types, and integrating biochar
usage into climate change mitigation policies to broaden its practical
and global relevance.
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